implies that the pairing potential is strongest in very underdoped samples. This finding may place strong constraints on theories of the pairing mechanism. The trend [opposite to that of the superfluid density n s (20, 21) , which decreases as x decreases] implies a scenario for underdoped cuprates that is radically different from that inferred from n s and T c0 alone. The physical picture is that, in hole-doped cuprates, the pairing potential ⌬ 0 is maximal in the underdoped regime and falls rapidly with increased hole density, as anticipated in early resonating-valence-bond theories (15, 16) . However, the small n s at small x renders the condensate highly susceptible to phase fluctuations (17) . At T c0 , spontaneous nucleation of highly mobile vortices destroys long-range phase coherence and the Meissner state (7, 22, 23) , but vortex excitations remain observable to much higher T (5, 6) . As x is increased, n s and T c0 initially increase, but beyond x ϭ 0.17, T c0 is suppressed by a steeply falling ⌬ 0 . The trade-off between n s and ⌬ 0 informs the entire cuprate phase diagram and accounts naturally for the dome shape of the curve of T c0 versus x.
An interesting implication may be inferred in the limit of small x. If the trend in 0 in Fig. 4B persists, 0 becomes smaller than the separation d of Cooper pairs in this limit (d ϳ 25 Å at x ϭ 0.05). For x Ͻ 0.05, we may treat the carriers as tightly bound pairs (bosons) that are well separated and too dilute to sustain long-range phase coherence. In uncovering the increased pairing strength at small x, our experiment provides clues that bosonic pairs may exist in this limit. There is growing evidence for the complex, intermittent, and heterogeneous character of plastic flow. Here we report a three-dimensional mapping of dislocation avalanches during creep deformation of an ice crystal, from a multiple-transducers acoustic emission analysis. Correlation analysis shows that dislocation avalanches are spatially clustered according to a fractal pattern and that the closer in time two avalanches are, the larger the probability is that they will be closer in space. Such a space/time coupling may contribute to the self-organization of the avalanches into a clustered pattern.
Dislocation-driven plastic deformation has been described as a smooth flow process that is homogeneous in both space and time, yet there is evidence for the intermittent and heterogeneous character of plastic flow (1) . The spontaneous formation of fractal dislocation cell patterns has been reported in metals (2, 3) , and scale-invariant patterning of dislocation arrays was also obtained in numerical simulations (4) . These observations, however, provide a static characterization of the spatial heterogeneity of dislocation patterns after deformation. Surface observations in metals indicate that slip consists of intermittent events localized along slip bands (1) , and the temporal heterogeneity of slip has been extensively explored in the Portevin-Le Chatelier effect (5) . Recently, acoustic emission (AE) studies performed during the creep of single ice crystals, coupled with numerical simulations of collective dislocation motion, revealed a strongly intermittent plastic flow characterized by jerks of dislocations with power law distributions of energies P(E) ϳ E -(6-8) where P(E) is the probability density function of the energy E. This feature is shared by other slowly driven systems (9) , including fracture in disordered materials (10, 11) . These dislocation avalanches are also clustered in time (12) . In these experiments, complexity and multiscale properties arose solely from dislocations interacting via long-range internal stresses (decreasing with the distance r as 1/r).
The evidence for heterogeneity and scale invariance in space, time, and energy calls for the development of new models of dislocation systems and plastic flow (13) and for a nonequilibrium statistical theory of dislocation motion (7) . Yet, to further constrain theoretical development, a complete dynamical picture of plastic flow simultaneously in space, time, and energy domains is still lacking. Here we present threedimensional (3D) mapping of dislocation avalanches during viscoplastic deformation of a crystalline material. The experiment, performed on a single crystal of ice Ih, was similar to those performed previously (7, 12) , except that we used multiple transducers to map the hypocenters of the microseismic waves generated by the sudden local displacements associated with the dislocation avalanches. Compression creep (constant load) was applied to a cylindrical crystal under stress and temperature conditions in which diffusional creep is not a significant mechanism of inelastic deformation. Ice is an ideal material in which to explore collective dislocation dynamics with AE measurements: It deforms by dislocation slip even at temperatures close to the melting point; its transparency allows microcracking to be ruled out as a source of AE; and the transducers can be frozen on the specimen, yielding optimum acoustic coupling (6, 7, 14) . The basal planes, which are the preferred slip planes in hexagonal ice, were inclined at the beginning of the test to 11°from the compression axis. A classical macroscopic creep behavior was observed, with primary and secondary creep followed by a roughly exponential growth of the strain rate during tertiary creep. Here, tertiary creep did not result from microcracking but from a rapid multiplication of dislocations. Because acoustic activity is a proxy of global deformation (14), most of the acoustic events were recorded during this tertiary creep. In agreement with previous results (7), a power law distribution of energies was observed over more than five orders of magnitude, with an exponent ϭ 1.6. The plastic anisotropy of ice, coupled with the applied boundary conditions and the inclination of the basal planes, induced bending moments. In polycrystalline ice, such bending moments are relieved by lattice curvature, followed by the formation of subboundaries and kink bands, which consist of dislocations grouped in walls perpendicular to the basal planes, and by a rotation of the basal planes toward the compression axis (15) . This mechanism, called continuous recrystallization, leads to the formation of new grains. A similar mechanism was observed during our experiment, with a rotation of the basal planes from 11°to 4°from the compression axis, and with the nucleation of two new grains at both ends of the sample at the end of the test. As expected, the grain boundaries were perpendicular to the initial basal orientation.
The location of the AE sources was computed from the arrival times of a wave at five transducers, in a way similar to that employed to locate microcracking events in rocks (16, 17) . The time resolution of the recording device was 0.1 s, leading to a lower bound for the spatial resolution of 400 m. Only the dislocation avalanches that were detected by the five stations were located; that is, essentially the largest ones. This filtering happened homogeneously in time and in space. A vertical and a horizontal projection of the located hypocenters show (Fig. 1 ) (i) a clustering of dislocation avalanches on the vertical projection along a direction perpendicular to the slip (basal) planes, in agreement with the formation of kink bands, which will eventually organize into new boundaries; (ii) a migration of the avalanches along this direction, characterized by a pointlike symmetry around the center as the crystal creeps; and (iii) a possible preferential alignment of the avalanches on the horizontal projection, especially for the first 300 events (red dots in Fig. 1 ). The migration of the AE hypocenters [observation (ii)] might be related to the crystal rotation and the buildup of kink bands. An analysis of the 3D spatial organization of the dislocation avalanches was performed by means of a correlation integral analysis (Fig. 2) . Within a scale range limited toward small scale by the spatial resolution threshold and toward large scale by a finite size effect (sample diameter ϭ 52.3 mm), we observed a scale-invariant spatial distribution of avalanche locations with a correlation dimension D ϭ 2.5 Ϯ 0.1. Whereas observations (i) and (ii) listed above are linked to the bending moments induced by the boundary conditions, this scaleinvariant emerging structure results from the collective dislocation dynamics that self-organize into a scale-free clustered pattern of avalanches. This picture completes the static observations of scale-invariant dislocation structures (2, 3) as well as the scaling properties in terms of dissipated energy (7). This suggests a dislocation system in a close-to-critical state within a mate- , with a correlation dimension D ϭ 2.5 Ϯ 0.1 (circles) over about 1.5 orders of magnitude. A similar analysis was also performed for the same number of locations randomly distributed (a Poisson distribution) within the cylinder (crosses), which gives D ϭ 2.9 Ϯ 0.1, which is in agreement with the theoretical expected value of 3. This demonstrates that the clustering of dislocation avalanches revealed by the correlation analysis is not affected by the size or the shape of the sample. Scaling analysis is limited toward small scales by the resolution threshold that induces an identical localization for several hypocenters, and therefore an artificial clustering, whereas a finite size effect is visible toward large scale.
rial with high dislocation mobility (7) . A similar correlation analysis applied to different sets of 200 successive events did not reveal any significant evolution of D with increasing deformation. This contrasts with an increasing clustering (revealed by a decrease of D) of hypocenters during the microfracturing of rocks under creep loading (16) or obtained with a numerical model of brittle damage (18) . Several hypotheses can be tentatively proposed to explain this difference, including the dimensionality of the interacting entities (1D for dislocations, 2D for cracks), the nature of their interacting stress fields (decreasing in 1/r for dislocations, 1/͌r for cracks), or the irreversible nature of cracking (at experimental time scales) that induces a positive feedback loop favoring the localization of damage.
The emergence of this spatial clustering of dislocation avalanches (Fig. 2) may come from the dynamical interactions between avalanches, because new avalanches might be more likely to occur close to recent ones. Such a space/time coupling in the collective dislocation dynamics is investigated by means of a space/time correlation analysis. The probability distribution P ⌬n (r) of the distance r separating the nth and the (n ϩ ⌬n)th avalanche is computed for various ⌬n's. The occurrence rank n rather than the occurrence time t is used here, given the strong nonstationarity of the macroscopic creep. P ⌬n (r) is a conditional probability; that is, the probability of two events being spatially separated by a distance r, knowing that they are separated in time by ⌬n events. If no significant space/time coupling is present in the dynamics, then the conditional probability P ⌬n (r) should be identical to the nonconditional probability P(r) [the derivative of the correlation integral C(r) of Fig.  2 ], within the standard deviation of the numerical noise due to limited sampling. On the contrary, the difference P ⌬n (r) -P(r) should increase as ⌬n decreases if local, transient perturbation of the probability of avalanche occurrence follows any given avalanche. Such a difference is observed for small ⌬n's (Fig. 3) . The significance of this difference is measured by a loglikelihood function based on a Poissonian representation (Fig. 4) . It is significant for ⌬n Յ 80, after which the transient changes triggered by an avalanche are not detectable anymore. No significant modification of this spatiotemporal behavior was detected between the three directions (x, y, and z). This space/time coupling reveals that the occurrence of an avalanche increases, on average, the rate of subsequent avalanches in its vicinity during a limited time ⌬n Ͻ ⌬n c , a possible mechanism for which is through stress redistribution. This limited time ⌬n c might arise from limited sampling and could diverge to infinity as larger data sets are considered. One could then envisage a cascade process in which avalanches positively modulate the occurrence probability of the subsequent avalanches in their vicinity, which in turn modify the occurrence probability of the third generation of avalanches, and so on, at increasing distances (on average) from the avalanches of the first generation. This diffusion has been documented for earthquakes (19) . Here, the mean of the distribution of P ⌬n (r) -P(r) is found to slowly increase with ⌬n. This reveals a diffusion of the avalanche interaction [a relative increase of P ⌬n (r) -P(r) at large r as compared to small r as ⌬n increases], although it is slow compared to Brownian diffusion or even to what is typically observed in fracturing and faulting at larger scales (19) . Dislocation avalanches are clustered in space according to scale-free patterns and are found to dynamically interact between themselves. Such observations strengthen the view that plastic flow can be associated with collective phenomena: Moving dislocations organize into avalanches that are themselves dynamically coupled into avalanche clusters. Fig. 3 . Space/time coupling in the dislocation dynamics. Probabilities P ⌬n (r) (thick solid line) and P(r) (thin solid line) for ⌬n ranging between 1 and 5 (left) and 76 and 80 (right), along with the error envelope (dashed lines) giving the standard deviation of the fluctuations around P(r) that can occur by chance. A significant departure of P ⌬n (r) from P(r) (that is, favored triggering of avalanches) is observed at distances up to about 20 mm (an important proportion of the sampled volume) for both ⌬n windows. These graphs in log-log scale are available as supporting material on Science Online. Occurrence by chance of the departure of P ⌬n (r) from P(r) observed for ⌬n ϭ 1 to 5 (Fig. 3, left graph) is, for example, obtained once every e (-470ϩ587) Ϸ 10 50 random samples. Significant departure (transient triggering at small distances) is observed for ⌬n ranging from 1 to about 80. Decay of P ⌬n (r) -P(r) with ⌬n follows a power law for ⌬n ranging from 10 to about 100. Phengite, the principal host of large-ion lithophile elements (LILEs; here, K and Ba) in subduction zone metabasalts, carries these elements to depths of more than 180 km (1) (2) (3) . Phengite dehydration at high pressure and temperature (P/T ) conditions produces LILE-and H 2 O-rich fluids, which can transfer these components to the overlying mantle wedge and through shallower levels of the subduction complex (2, 4) . Large (0.2 to 4 mm) phengite grains in eclogite blocks and zoned selvages (rinds) around the blocks from two high-P/T metamorphic terrains (the Samana Metamorphic Complex in the Dominican Republic and the Franciscan Complex in California) contain 0.2 to 1.6 weight percent (wt %) BaO (table S1) (5). The Ba zoning patterns of phengite grains suggest that they formed from LILE-rich fluid-rock interaction during subduction zone metamorphism (3, 6) . To investigate whether Ba zoning reflects time-resolvable fluid-rock events, we obtained 40 Ar/ 39 Ar ages for these grains. The Samana Metamorphic Complex (Fig. 1) contains eclogite blocks produced during subduction of the North American plate beneath the Caribbean plate (supporting online text) (7, 8) . Glaucophane Sm/Nd ages suggest eclogite facies metamorphism at 84 Ϯ 22 million years ago (Ma) (9) , and phengite K-Ar ages of 38 Ϯ 2 Ma record retrogression and uplift due to slip along the Septentrional fault zone, the present North American-Caribbean plate boundary (7, 8, 10) . Two blocks from Punta Balandra (SS84-24A and SS85-27E), their transition zones and inner rinds (SS84-24B, SS84-24C, and SS85-27B1), and their actinolite-rich outer rinds (SS84-24D and SS85-27B2) yielded phengite grains (Fig. 2) (3) .
The Franciscan Complex (Fig. 1 ) contains garnet blueschist, garnet amphibolite, and eclogite blocks (Fig. 2) (supporting online text) (11) . It formed during east-dipping Mesozoic subduction beneath the western margin of the North American plate and is cut by the Miocene-initiated San Andreas Fault system. Jurassic to early Tertiary K-Ar ages for Franciscan whole rocks, glaucophane, hornblende, and white mica (12-17) may reflect eclogite or amphibolite facies metamorphism at 163 to 158 Ma, cooling to below phengite's Ar closure T between 159 and 139 Ma, and continuing blueschist P/T conditions from ϳ146 to 80 Ma (17) .
Franciscan Complex samples analyzed here are from Ring Mountain in the Tiburon Peninsula (12, 18) and Mount Hamilton in the Diablo Range (3, 13, (19) (20) (21) . Tiburon samples include garnet amphibolite (T-90-2AH) and eclogite blocks (T-90-3AG and T-90-3AB), actinoliterich rind (T-90-2B), and cross-cutting phengite and a chlorite vein (T-90-2V). Mount Hamilton samples include an eclogite block (MH-90-1AB), a garnet amphibolite layer within the 
